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Abstract 
 
This paper presents the results of comparative analysis of energy and environmental life cycle assessment of a building envelope 
with different WWR. The analysis is simplified to: product stage and use stage as the main sources of GHG emissions. Embodied 
and operational CO2 equivalent were evaluated for two typical office buildings located in Poland with different wall to floor 
ratio. Carbon footprint of the use stage, associated with the energy consumption, was calculated according to polish energy fuel 
mix. 
The maximum emission of CO2eq occurred for the scenario with glass curtain wall and it decreased along with reduced window 
area. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL. 
 
Keywords: Life cycle assessment (LCA), Window-to–wall ratio (WWR), Embodied CO2eq, Operation CO2eq, Thermal energy analysis 
 
 
 
1. Introduction 
 
Building energy analysis has been widely adopted into the building’s early design stage in order to optimize the 
energy demand. The deep study of building orientation, building shape, quantities of insulation material or a type  of 
a façade might bring a significant improvement of the building thermal performance and decrease the CO2eq 
emissions through its use stage. Thermal energy analysis during the early stage of a project resulted in a significant 
improvement in building energy efficiency that has been observed over the last years. The real environmental impact 
of the building is not however, determined only by its use phase. A number of studies show [1, 2, 3, 4, 5] that a 
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comprehensive optimization of the building design solutions, in terms of minimizing its carbon footprint, can be 
achieved by extending the analysis by other building life stages. 
Based on many case studies it has been acknowledged that in conventional buildings the majority of energy is 
used during the use stage [4, 6]. In the paper [6] the author summarized 73 case studies made for 13 countries. The 
study revealed that the operation energy contributed to 80-90 % of total life cycle energy and though had the major 
influence on the building environmental impact. 10-20% of embodied energy was related to product stage while the 
rest of building phases had negligible or little share. For low energy buildings and nZEB, due to significant reductions 
in energy demand, the embodied energy and embodied carbon represent more significant share in the building life 
cycle [5, 7]. Moreover the CO2eq emissions, related to the use stage, are directly dependent on the specific energy 
mix of the country. Therefore if renewable or low carbon fuels are considered, the total contribution of the construction 
materials to the global warming during the building life time could rise to even 80% [3]. As the influence of the 
material emissions is becoming more significant [3, 8] further improvements, in terms of carbon footprint reduction, 
could be therefore achieved if product stage is taken into consideration. 
In the building envelope windows have a significant influence on the building energy consumption. Characterised 
by poor thermal inertia and high heat transfer coefficient, they present a weaker energy performance if compared to 
opaque building elements. There is a limited number of studies that focus on the influence of the window system on 
the life cycle assessment. Among a few case studies the LCA was performed for different window types [9, 10], 
building façades [11], transparent composite façade system and a glass curtain wall system [12]. The influence of 
the WWR on the total CO2eq emission was investigated by [13]. While the majority of studies is limited to the 
operational phase of the building, this paper presents the influence of different window-to-wall ratio (WWR) on the 
carbon footprint during the building life time cycle. 
The assessment of the total global warming potential is based on LCA method, simplified to product stage and 
use stage, which were identified as the main polluting phases in the building life cycle. The analysis described in this 
paper are aimed to demonstrate the relation between operational and embodied CO2 equivalent for different glass 
façade solutions, highlight the importance of life-cycle assessment during the early design stage and provide more 
information about the contribution of building life cycle stages to the global warming potential. The study was 
performed for two typical office buildings located in Poland for following facade scenarios: window-to-wall ratios: 
0.5, 0.70, 0.95 and for a glass curtain wall. Emissions for the use stage, associated with the energy consumption, 
were calculated according to polish energy fuel mix. 
 
2. Methodology 
 
2.1. Evaluation of embodied and operational CO2 equivalent 
 
The evaluation of CO2eq emission was performed according to the ISO standards on LCA. According to ISO 
14044 [14] LCA is composed of four steps including: goal and scope definition; inventory analysis; life-cycle impact 
assessment (LCIA); and interpretation. In order to perform the life cycle inventory the whole life cycle of the building, 
so called “cradle to grave” approach, should be considered. According to the EN 15978 [15], the environmental impact 
of the product or building is divided into four phases: product stage (modules A1 – A3: raw material extraction, 
material production, transportation), construction process (modules A4 – A5), use  stage (modules B1-B5: operation, 
maintenance, repair, replacement, renovation) and end-of-life (modules C1-C4: deconstruction, transport, recycling 
and disposal). However, due to many input variables or lack of some data, a complete LCA analysis could be 
difficult to perform. Many studies [1, 6] prove that the construction and end-of-life stage have a minor influence on 
the total global warming potential. The boundaries for the analysis were thus limited to material production (modules 
A1 – A3 - “cradle to gate”) and operation stage (modules B1 and B4). The need for LCA simplifications has been 
already reported and implemented by other researchers [3, 8, 11]. 
LCA analysis was performed in the ELODIE software developed by CSTB's Environment Division in Grenoble. 
Emission data for construction materials used in this study were obtained from the Environmental Product 
Declarations (EPD), Ecoinvent database and from the literature sources. The emission factors correspond mainly to 
the material production located in Poland or, if the data was not available, to the European average. Quantities of 
materials have been determined from the Project Design. A replacement of building components was included in the 
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analysis according to the material reference lifespan, however, the finishing materials were excluded from the 
analysis. The CO2eq evaluation for the product stage was done for the following building elements: 
 
x Foundations 
x Shell: columns and beams, floor structure, roof, external walls, windows 
 
The carbon footprint of the operation stage was evaluated based on building’s energy consumption over the 
building lifespan. The energy consumption was calculated for the following systems: heating, cooling, lighting and 
auxiliary energy (fans and pumps). Emissions from energy production were calculated according to the current 
polish energy fuel mix for electricity and district heating network for district heating [16]. As it is difficult to predict 
how the emission factors will evolve within the next 50 years, they were assumed to remain constant throughout the 
building lifetime. The CO2eq factors for some of the specific energy fuels are summarised in Table 1. Given values 
refer to primary energy, besides the electricity, which refers to end use energy. 
In order to calculate the energy consumption of the analysed buildings a thermal model of each building was 
made in a simulation software DesignBuilder version 4.2.0.054. Heating, cooling, lighting and auxiliary energy use 
were calculated. As the change of the window area has an influence on thermal transmittance, solar gains and 
natural lighting of building spaces, energy calculation was not limited only to heating or cooling demand, but artificial 
lighting and auxiliary energy for technical systems were also included in the simulations. Emissions were evaluated 
on the basis of the building energy use throughout the building lifetime of 50 years. 
The energy simulations were performed for Warsaw climate. In both of the buildings the same interior comfort 
parameters were applied. 
 
2.2. Building description 
 
The study was performed for two typical office buildings located in Warsaw, Poland with different architectural 
design (Fig. 1). In order to focus the investigation only on the environmental impact of different glass façades, both 
buildings were designed in reinforced concrete and the same types of construction materials were selected. 
Both buildings have the same heating, ventilation and air conditioning systems. In each building a mechanical 
ventilation system with heat recovery was applied. The heating of the buildings was provided by ventilation air 
(heating coils in air handling unit) and by fan-coil units in the building usable area. The cooling of buildings was 
designed in the same way as heating: pre cooling of ventilation air and using a fan-coil unit in the occupied spaces to 
achieve required thermal conditions. In both buildings district heating was designed as a heating source and electric 
chillers were selected as a cooling power. This study is focused on relation between emitted CO2eq and the window- 
to-wall ratio, therefore the efficiencies of the systems for both buildings were assumed to be the same. 
 
a      b   
Fig. 1. Architectural concept of the analysed buildings: (a) Building A: (b) Building B 
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Table 1.  CO2eq factors for selected specific energy fuels Table 2.  Building features 
 
Fuel Unit CO2eq factor  Feature Building A Building B 
Coal kg CO2/GJ 94.06  Wall to floor ratio 0.37 0.49 
District heating kg CO2/GJ 91.93  Usable area [m2] 19 230 11 540 
Electricity Mg CO2/MWh 0.812  No of floors 15 6 
 
2.3. Building Materials 
 
The study was performed for the double glazed aluminium windows with the cavity filled  with  air. Four scenarios 
were considered regarding different glass facades: wall with following WWR: 0.5, 0.70, 0.95 and a glass curtain wall 
(GCW) assuming the same window-to-wall ratio for all building orientations. The windows were characterized 
by the same thermal properties: the heat transfer coefficient U=1.5 W/m2K, the solar factor g=0.4 and the light 
transmission Lt =0.65. The expected lifespan of windows and the glass curtain wall was estimated to be 30 years 
according to the Environmental Product Declaration. The external wall was composed of a concrete bricks insulated 
with 12 cm of the mineral wool resulting in the heat transfer coefficient of U=0.2 W/m2K. The reference lifespan of 
the external wall was assumed to be 50 years. The main window and wall components along with the material 
quantities are summarised in Table 2 and Table 4. 
 
Table 3. Window components    Table 4. External wall components  
Material Unit Window Glass curtain wall  Material Unit Wall 
Aluminium kg/m² 6.38 5.04  Acrylic plaster kg/m² 1 
Glazing kg/m² 17.0 40  Reinforcing fibreglass mesh kg/m² 0.75 
Polyamide kg/m² 0.238 0.24  Mineral wool kg/m² 9.6 
Galvanized steel kg/m²  1.02  Mortar kg/m² 3.3 
EPDM kg/m² 0.357 0.61  Concrete bricks 24cm kg/m² 120 
Others kg/m² 0.913 2.11  Total kg/m² 135 
Total kg/m² 24.9 49.02    
 
3. Results and discussion 
 
The evaluation of the building carbon footprint was performed for the product and use stage in relation to the 
usable building area, according to the simplified LCA methodology described in the section 2.1. The primary energy 
use and the CO2eq emissions, related to the building use stage, are presented in Fig. 2. a) and b) respectively. Study 
shows that for both buildings the energy demand rises along with the increasing WWR and consequently is the 
operation carbon level. 
The change in the embodied CO2eq, due to the different window-to-wall ratio, was evaluated for the whole 
external façade (Fig. 3 a)) and in relation to the total embodied envelope CO2eq (Fig. 3b)). Study shows that, in the 
product stage, windows demonstrate a much more significant contribution to the global warming potential if compared 
to the external wall (Fig. 3 a)). In a result, a façade composed of a glass curtain wall emits roughly 50 % more of 
CO2eq during the building life time than the external wall with 50 % of window area. In comparison to the whole 
building, the external façade represents a significant share in the building embodied equivalent of carbon dioxide 
(Fig. 3 b)). A contribution to the global warming potential, in relation to the whole building structure, is 
approximately 6% for a façade with WWR of 0.5 and rises to roughly 13% for a glass curtain wall. However, it is to 
highlight, that the lifespan of windows and the curtain wall was assumed to be of lower value than the building life 
time. As the replacement of windows was taken into consideration it increased its overall environmental impact. 
The estimated operational and embodied equivalent of CO2 for the building lifetime are summarised in Table 5. 
Study shows that the total carbon footprint is grater for the building with higher wall-to-floor ratio. CO2eq emitted 
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during the use phase was found to have a major influence on the building GWP. However, the product stage was 
responsible for 12 % to 13 % of the total carbon footprint for Building A and 15 % for the Building B and thus still 
represents a significant value that should not be ignored. Finally, the study shows that the total CO2eq could be 
reduced by approximately 12 % for Building A and 7% for Building B if the curtain wall is changed to the façade 
with WWR of 0.5 (Table 6). The reduction is mostly related to the operation building phase. 
 
a b 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. (a) Primary building energy use for different façade configurations; (b) Operation CO2 eq emissions for different façade configurations 
 
a b 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. (a) Embodied CO2eq emissions of different façades; (b) Embodied CO2eq of the façade in relation to whole building embodied CO2eq 
Table 5. Estimated operation and embodied CO2eq emissions in the total building lifetime. 
 
 
Operational CO2eq [kg CO2eq/m2] Embodied CO2eq [kg CO2eq/m2] Total lifetime CO2eq [kg CO2eq/m2] 
 
WWR 0.5 0.7 0.95 GCW 0.5 0.7 0.95 GCW 0.5 0.7 0.95 GCW 
Building A 3511 3694 4010 4010 528 536 545 562 4038 4229 4555 4572 
Building B 3689 3821 3988 3988 655 665 677 695 4344 4485 4665 4684 
 
Table 6. Reduction of the total CO2eq for different building façades in relation to the scenario with a glass curtain wall (GCW) 
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4. Conclusions 
 
This study demonstrates the life cycle environmental impact of buildings with different WWR and a glass curtain 
wall. Carbon dioxide equivalent emissions were calculated for the product and the use stage in order to highlight the 
importance of the embodied CO2eq in the building life cycle assessment. The analysis was performed for two office 
buildings characterised by different architectural design. 
Study shows that the total carbon footprint is grater for the building with higher wall-to-floor ratio, which is 
mostly related to increased energy demand. The highest total CO2 equivalent was evaluated for the scenario with 
glass curtain wall and it decreased along with reduced window area. The analysis shows, that the total building 
GWP could be reduced by even 12 % if the curtain wall is changed to the façade with WWR of 0.5. The window 
area influenced the embodied carbon, as the materials represent different level of equivalent CO2, and the operation 
carbon, due to change in the energy demand. In the analysed scenarios the reduction is mostly related to the use 
phase. The influence of product stage, and thus the façade selection, could be however, more significant if low 
carbon energy sources were considered. It is to highlight that polish energy fuel mix is characterised by high CO2eq 
factors and it greatly influenced the results. Moreover, in the analysed scenarios, CO2eq factors for the specific 
energy fuels were constant throughout the lifetime of the building. Assuming that the energy will be produced form 
cleaner sources, according to the European strategy towards minimising greenhouse gas emissions, the embodied 
carbon will have a greater influence on the building environmental impact. In order to properly evaluate and decrease 
the building GWP the product stage will need to be considered in the early product design stage. 
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